It is shown that ferromagnetic ordering in metals is associated with an opening of the energy pseudogap. This energy pseudogap belongs to a d-band type in d-metals and to an sp-band type in f-metals. A relation between the magnetic energy and the Curie temperature is obtained. Effect of magnetic ordering on the temperature dependence of the electrical resistivity is considered.
Antiferromagnetic ordering in metals is associated with an opening of the energy pseudogap at the Fermi level [1] . The magnitude of the antiferromagnetic pseudogap is proportional to the Neel temperature [2, 3] . Here we show that ferromagnetic ordering in metals is also associated with an opening of the energy pseudogap at the Fermi level. A relation between the magnitude of the ferromagnetic pseudogap and the Curie temperature is, however, different in d-metals and f-metals. The ferromagnetic pseudogap in d-metals belongs to a d-band type [3] , whereas the ferromagnetic pseudogap in f-metals belongs to an sp-band type, so that a relation between the magnitude of the energy pseudogap and the magnetic ordering temperature in f-metals is similar to those for antiferromagnetic ordering.
The full magnitude ∆ AF M (0) of the antiferromagnetic pseudogap at zero temperature (T = 0K) is related to the Neel temperature T N by the formula [3] ∆ AF M (0) = αk B T N ,
where k B is the Boltzmann constant, and α = 18 is a constant.
The equation (1) means that the energy E AF M of an elementary antiferromagnetic excitation [4] is equal to the magnitude ∆ AF M of the antiferromagnetic pseudogap, so that the pressure dependence of the magnitude of the antiferromagnetic pseudogap in the highpressure region is given by the equation
where P is the pressure, n 0 ≈ 1.1 × 10 22 cm −3 is a constant which has an order of the number density of atoms in the crystalline state (a 0 = n −1/3 0 ≈ 0.45nmhas an order of the lattice parameter), and α P is the atomic relaxation constant.
The equations (1) and (2) give the pressure dependence of the Neel temperature in the high-pressure region in the form
A comparison of the equation (3) with the experimental data for CeIn 3 [5[ gives a value of the atomic relaxation constant for antiferromagnetic ordering α P = 2. The atomic relaxation constant for antiferromagnetic ordering is equal to the atomic relaxation constant for the metal-insulator transition [6] , in agreement with those fact that the antiferromagnetic transition can coincide with the metal-insulator transition, for example, in the pyrochlore iridate Eu 2 Ir 2 O 7 [7] and also in underdoped cuprate high-temperature superconductors [8] .
If the antiferromagnetic transition occurs in the insulating phase, for example, in NiO, it causes a splitting of the valence band. A split-off band is formed mainly by the d-states, and the upper band is formed mainly by the sp-states. The magnitude ∆ of a splitting at the top of the valence band at zero temperature (T = 0K) is given by the formula
where α G = 3/8 is the gap constant.
A valence band splitting is temperature dependent and vanishes at the Neel temperature.
The Neel temperature in NiO is T N = 530K [9] , and the equation (4) gives the magnitude of a valence band splitting at zero temperature at a level of ∆ (0) = 0.31eV . The experimental value of a valence band splitting in NiO from optical absorption measurements is ∆ = 0.24eV
at T = 300K [10] .
A splitting of the valence band in NiO is caused by a rhombohedral distortion of a rocksalt type crystal structure below the Neel temperature. The rhombohedral angle is about 60
• 04 ′ at room temperature [11] , so that a ferroelastic distortion associated with antiferromagnetic ordering in NiO is small. It corresponds to a relative contraction of the lattice at zero temperature (T = 0K). A similar rhombohedral distortion of a rocksalt type crystal structure is present in MnO below the Neel temperature T N ∼ = 120K.
Since the density of states in the d-band is much higher than those in the sp-band, a splitting of the valence band can look like an increase of the bandgap width E g (0) at zero temperature (T = 0K) in optical absorption measurements by a value of
Such is the case in BiF eO 3 [12] , where the Neel temperature is T N = 640K, and the equation (5) gives ∆E g (0) = 0.18eV .
There is, however, a similar splitting if the valence band in Ge which is not associated with antiferromagnetic ordering. In this case, the magnitude of a splitting of the valence band at zero temperature (T = 0K) is related to the metal-insulator transition temperature
with the same gap constant α G = 3/8.
There seems to be a contribution of the 4d-orbitals to the wave functions of electrons in
Ge, in view of the relation (6). In Si, this effect is absent.
A splitting of the valence band in Ge is caused by a rhombohedral distortion of a diamondtype crystal structure associated with the metal-insulator transition [6] . A rhombohedral ferroelastic distortion in Ge produces also a large anisotropy of the effective mass of electrons. 
Here N (E F ) is the density of states at the Fermi level which can be determined from the electronic specific heat coefficient γ [14] ,
Both in the equation (7) and in the equation (8) N (E F ) is a real density of states at the Fermi level, with account for many-body effects.
From the equations (1), (7), and (8), we find the magnetic energy in antiferromagnetic metals in the form
For antiferromagnetic ordering in Mn with the Neel temperature T N = 95K [15] and the electronic specific heat coefficient γ = 10.6mJmol −1 K −2 , the equation (9) gives the magnetic energy at a level of
In the case of ferromagnetic ordering in a metal, a relation between the full magnitude ∆ F M (0) of the energy pseudogap at zero temperature (T = 0K) and the Curie temperature T c should be modified with respect to the equation (1) as follows
where α G is the gap constant.
In this case, the equations (7), (8), and (10) give the magnetic energy in the form
For ferromagnetic ordering in Fe with the Curie temperature T c = 1043K and the electronic specific heat coefficient γ = 5.02mJmol
, a comparison of the equation (11) with an experimental value of the magnetic energy in Fe determined from the specific heat data [15] gives a value of the gap constant α For ferromagnetic ordering in Gd with the Curie temperature T c = 290K and the electronic specific heat coefficient γ ∼ = 8mJmol −1 K −2 , a comparison of the equation (11) with an experimental value of the magnetic energy determined from the specific heat data [15] gives a value of the gap constant α G = 1. Therefore, the magnitude ∆ F M (0) of the ferromagnetic pseudogap at zero temperature in f-metals is related to the Curie temperature T c by the equation similar to the equation (1),
The magnitude of the ferromagnetic gap in Gd, according to the equation (12), is ∆ F M (0) = 0.45eV , the magnetic energy in Gd is
per atom. The magnitude of the ferromagnetic pseudogap in Gd is equal to the magnitude of the energy pseudogap associated with the hcp-bcc transition at T s = 1533K which belongs to a d-band type with the atomic relaxation constant α P = 3/16 [3] . Ferromagnetic transitions in f-metals belong to an sp-band type, in agreement with a character of the exchange interaction via the conduction electrons.
There is an experimental evidence for an opening of the energy pseudogap in Gd below the curie temperature T c = 290K, and also in Dy below the magnetic ordering temperature θ 2 = 179K from optical reflection measurements [16] .
For magnetic ordering of the Yb moments below T M = 5K in Y b 2 Co 12 P 7 with the electronic specific heat coefficient γ = 77mJmol (Y b) [17] , the equation (9) gives the
The experimental value of the magnetic energy associated with the magnetic transition at
which can be determined from the specific heat data, is about
There is an increase in the slope, dρ/dT , of the temperature dependence of the resistivity of a metal below the ferromagnetic ordering temperature [15, 17] , which can be attributed to a decrease in the effective number density of charge carriers due to an opening of the energy pseudogap.
In the free electron model, the electrical resistivity ρ of a metal is determined by the
Here n is the number density of electrons, e is the charge of an electron, l is the mean free path of electrons, and p F is the Fermi momentum given by the equation
where is the Planck constant.
Below the low-temperature ferroelastic transition [18] at
where θ D is the Debye temperature, the mean free path of electrons is equal to the mean size of ferroelastic subdomains (subgrains), so that the resistivity of a metal is approximately constant. For example, in Cu the Debye temperature is θ D = 310K, so that the ferroelastic transition temperature given by the equation (15) is T f ∼ = 17K. The size of the ferroelastic domains can be determined from the thermal conductivity data [18] and is about 120µm.
For the number density of electrons n = 8.4 × 10 22 cm −3 and the mean free path of electrons l = 10µm, the equations (13) and (14) give the residual resistivity of ρ 0 = 0.0064µΩcm.
The experimental value of the residual resistivity in Cu depends on the sample and is about ρ 0 = 0.004µΩcm [19] , which corresponds to the mean free path of electrons l = 16µm.
In dilute alloys of noble metals (Cu, Ag, and Au) containing a small amount of magnetic impurities (Cr, Mn, Fe), there is an additional scattering of electrons below the ferroelastic transition temperature T f by ferroelastic domains boundaries which coincide with magnetic domain walls. The direction of a ferroelastic distortion in dilute alloys is an easy axis for magnetic moments. In dilute alloys with an fcc crystal structure, a ferroelastic distortion is presumably rhombohedral, directed perpendicular to the close packed planes.
The energy of an elementary ferroelastic excitation [18] corresponds to the energy of transverse optical phonons propagating along the direction of a ferroelastic distortion.
In this case, the equation (13) should be modified as follows
Here l 1 is the mean free path of electrons with respect to the magnetic scattering and is equal to the mean size of ferroelastic domains.
There is a minimum of the resistivity at the ferroelastic transition temperature T f , where the resistivity is determined by the equation (13) . A relative increase of the resistivity at zero temperature (T = 0K) is given by the formula
Since ∆ρ/ρ 0 ∼ = 0.08 [19] , the ratio of the mean ferroelastic domain size l 1 to the mean ferroelastic subdomain size l is approximately constant, l 1 ∼ = 12l. The size of ferroelastic domains and subdomains decreases with increasing concentration of impurity atoms. For
Cu 1−x F e x with x = 2.2 × 10 −5 , the residual resistivity is ρ 0 = 0.031µΩcm [19] , so that the mean size of ferroelastic subdomains, according to the equation (13), is about l ∼ = 2µm, and the mean size of ferroelastic domains is l 1 ∼ = 24µm.
There is a critical concentration of impurity atoms above which the magnetic scattering occurs. For Cu 1−x F e x , a critical concentration is x 0 = 2 × 10 −5 and corresponds to a mean distance between the Fe atoms of d = (nx 0 ) −1/3 ∼ = 8nm, which has an order of the radius of the atomic relaxation region [4] .
A second-order phase transition in URu 2 Si 2 at T h = 17.5K is a low-temperature ferroelastic transition. There are orthorhombic ferroelastic domains below the transition temperature [20] . The size of domains has an order of tens micrometers, similarly to the case of
There seems to be a charge-ordering (charge-density-wave) transition coinciding with a ferroelastic transition in URu 2 Si 2 , T s = T h , since most of charge carriers disappear below the transition temperature. The magnitude of the charge gap is given by the equation
which gives ∆ ch = 0.027eV .
The pressure-dependent optical conductivity spectra of CeIn 3 [5] show that there is a charge-ordering (charge-density-wave) transition in this intermetallic compound coinciding with the antiferromagnetic transition at ambient pressure, T s = T N ∼ = 10K. The chargeordering transition temperature T s slightly increases with increasing pressure, since the magnitude ∆ ch of the charge gap related to T s by the equation (18) increases in the lowpressure region from ∆ ch ∼ = 17.5meV to 18.5meV .
There is a decrease in the resistivity of Y b 2 Co 12 P 7 below the magnetic ordering temperature T M = 5K [17] , which is lower than the ferroelastic transition temperature determined by the equation (15), due to a change in the size of ferroelastic domains caused by magnetic ordering. Y b 2 Co 12 P 7 has a hexagonal crystal structure. A ferroelastic distortion below the ferroelastic transition temperature is presumably orthorhombic, similarly to the case of a structural transition in BaV S 3 [21] . There is a further monoclinic lattice distortion below the magnetic ordering temperature T M = 5K.
To summerize, we show that ferromagnetic ordering in metals is associated with an opening of the energy pseudogap, similarly to the case of antiferromagnetic ordering. We obtain a relation between the magnitude of the energy pseudogap and the Curie temperature, and also a relation between the magnetic energy and the magnetic ordering temperature.
Ferromagnetic transitions in d-metals belong to a d-band type, and ferromagnetic transitions in f-metals belong to an sp-band type. We consider an effect of magnetic ordering on the temperature dependence of the electrical resistivity of a metal. We show that an increase in the resistivity of dilute alloys at low temperatures is caused by by an additional scattering of electrons by magnetic domain walls which coincide with ferroelastic domain boundaries.
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